ABIOGENIC INFORMATION COUPLING BETWEEN NUCLEIC ACID AND PROTEIN,OR, HOW PROTEIN AND DNA WERE MARRIED by Calvin, Melvin

Proceedings of the Royal Society 
of Edinburgh 
UNIVERSITY O F  CALIFORNIA 
Lawrence Radiation Laboratory 
Berkeley, California 
AEC Contract  No. W-7405- eng-48 
UCRL- 18658 
P r e p r i n t  
ABIOGENIC INFORMATION COUPLING BETWEEN 
NUCLEIC ACID AND PROTEIN, 
OR, HOW PROTEIN AND DNA WERE MARRIED 
Melvin Calvin'  
December 1968 
, 
- 1- UCRL- 18658 
AUIOGENIC INFORMATION COUPLING BETWEEN NUCLEIC ACID AND PROTEIN, 
Melvin Calvin 
Honorary Fellow, Royal Society of Edinburgh 
and F.R.S. ** . 
Physica l  Chemis t r y  Laboratory, Okf ord Univers i ty ,  
Oxford, England 
INTRODUCTION 
The t i t l e  t o  t h e  t a l k  t h i s  a f ternoon,  ItAbiogenic Information 
Coupling, o r  How Pro te in  and DNA Were Married", is, indeed, an excerpt  
from t h e  much broader  s u b j e c t  which your p res iden t  r e fe r red  t o ,  namely, 
chemical evo lu t ion  of l i f e  on t h e  s u r f a c e  of t h e  e a r t h ,  with some specu- 
l a t i o n  about elsewhere a s  well .  Actual ly ,  t h e  "elsewhere" por t ion  is 
more than a hopeful  a d d i t i o n  because i t  may provide a check on t h e  spe- 
c u l a t i o n s  on t h e  o r i g i n  of l i f e  on t h e  s u r f a c e  of t h e  e a r t h ,  which i s  
b 
very  d i f f i c u l t  t o  o b t a i n  i n  any o t h e r  way. 
I w i l l  no t  t r y  t o  o u t l i n e  t h e  whole sequence of events; most of you, 
I am sure ,  a r e  f a m i l i a r  with p a r t s  of it.- I I w i l l  t r y  t o  pinpoint  
t h a t  p a r t i c u l a r  s t e p ( s )  i n  t h i s  chemical evolut ionary  sequence which 
now seems t o  me -- and I th ink  t o  some of t h e  Fellows here  -- t o  be one 
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of t h e  c r u c i a l  s t e p s  f o r  whose e s s e n t i a l  c h a r a c t e r  w e  have r e a l l y  not  
y e t  derived any b a s i c  concept and which is one of t h e  blockades i n  t h e  
I 
th inking,  both of t h e  b i o l o g i s t s ,  on t h e  one hand, and t h e  mathematicians 
and philosophers,  on t h e  o the r ,  i n  t r y i n g  t o  cons t ruc t  some foundation 
f o r  b e l i e v i n g  t h a t  t h e  o r i g i n  of l i f e  on t h e  s u r f a c e  of t h e  e a r t h  i s  
a consequence of t h e  opera t ion  of t h e  laws of physics and chemistry 
with no need t o  c a l l  upon o the r  events  than those  i n  o rde r  t o  understand 
evolut ion  i n  modern s c i e n t i f i c  terms. 
The p r i n c i p a l  agent  f o r  t h e  cons t ruct ion  of l i v i n g  m a t e r i a l ,  both 
i n  t h e  m a t e r i a l  form and i n  t h e  way i n  which t h e  des ign i s  t ransmit ted  
from one genera t ion  t o  t h e  next ,  r e s i d e s  i n  two e s c e n t i a l l y  l i n e a r  
polymeric ma te r i a l s .  These a r e  two e s s e n t i a l l y  one-dimensional mole- 
cu les  -- molecules which are s i m i l a r  t o  t apes ,  o r  s t r i n g s ,  with a s e r i e s  
of l e t t e r s  along them and which a r e  in fo rmat iona l ly  r e l a t e d  t o  each other .  
Fig. 1 shows t h e  two l i n e a r  polymers of na tu re ,  p r o t e i n  and n u c l e i c  acid.  
What I mean by a l i n e a r  a r r a y  is t h a t  t h e  subs tance(s)  i s  a s i n g l e  chain 
which d i f f e r s  only  i n  p e r i o d i c  po in t s  along t h a t  chain,  and t h e  informa- 
). 
t i o n  i s  s t o r e d  i n  t h e  a r r a y  of those  p a r t i c u l a r  points .  I n  t h e  n u c l e i c  
ac id  chain,  t h e  le t ters  A,C,G and T a r e  t h e  shorthand letters f o r  t h e  
four  p r i n c i p a l  bases which c o n s t i t u t e  t h e  composition of t h e  n u c l e i c  acid-- 
adenine, cy tos ine ,  guanine and thymine. The p r o t e i n ,  on t h e  o t h e r  hand, 
which is  r e a l l y  t h e  major appara tus  of a  l i v i n g  organisms (con t ro l l ing ,  
' i t s  funct ion  i n  terms of s t r u c t u r e ,  ma te r i a l  and energy manipulation) 
a l s o  shows a l i n e a r  p e r i o d i c  d i f f e r e n c e ,  bu t  t h e  number of such d i f f e r -  
ent  groups which a r e  arranged along t h i s  p e r i o d i c  backbone i s  consider: 
ably  l a r g e r ,  of t h e  o r d e r  of twenty o r  more. When t h i s  l i n e a r  a r ray  
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of thc ' twen ty  d i f f e r e n t  u n i t s  borne hundreds of u n i t s  i n  length  i s  
f i n a l l y  p u t . t o g e t h e r ,  i t  t akes  on a r a t h e r  complex three-dimensional s truc-  
t u r e  dependent upon t h e  p a r t i c u l a r  l i n e a r  array.  This permits  t h e  enor- 
mous v a r i e t y  of chemical c a p a b i l i t y  which these  molecules must have i n  
o rde r  t o  provide t h e  necessary funct ions  f o r  l i f e  t o  proceed, i . e . ,  
manipulat ion of energy and m a t e r i a l  i n  a  d i rec ted  way. 
The va r ious  components of both of t h e s e  chains (p ro te in  and nucle ic  
2 
- 
a c i d )  have been const ructed  by abiogenic methods, and we now have 
every b a s i s  f o r  b e l i e v i n g  t h a t  we can envisage a s e r i e s  of chemical 
events ,  beginning wi th  t h e  naked e a r t h ,  which would give rise t o  a t  
l e a s t  components of  those  l i n e a r  ar rays .  
I would l i k e  t o  remind you very b r i e f l y  of t h e  way i n  which today's 
l i v i n g  organism makes t h e  t r a n s l a t i o n  from t h e  n u c l e i c  a c i d  i n t o  t h e  pro- 
t e i n .  Most of you have seen t h i s  r ep resen ta t ion  a t  one time o r  another .  
The sequence of events  is  r a t h e r  complicated, but  one which i s  now i n  
i t s  major a spec t s  f a i r l y  we l l  described.  Fig. 2 shows t h e  p resen t ly  
opera t ing  coupling system i n  l i ~ i n g  organisms -- how t h e  t r a n s l a t i o n  
from t h e  n u c l e i c  ac id  i n t o  t h e  p ro te in  is achieved. We now know t h a t  
it takes  t h r e e  of t h e  l e t t e r s '  of t h e  DNA chain t o  des ignate  one of t h e  
R groups on t h e  p r o t e i n  chain,  and t h e  mechanism by which t h a t  is  done 
is shown diagramat ica l ly .  Some smal l  segment of t h e  desoxynucleic ac id  
i n  t h e  c e l l  nucleus is t r ansc r ibed  onto a rpther kind of n u c l e i c  ac id ,  
which can move out  o f  t h e  nucleus i n t o  t h e  cytoplasm and ca r ry  wi th  i t  
the  necqssary information from t h e  DNA as a small  template messenger- 
RNA. There, us ing  t h i s  p a r t i c u l a r  information f o r  a  p a r t i c u l a r  pro- 




t h e  assembly machinery goes t o  work and p u t s  t h e  p a r t i c u l a r  amino 
I I 
a c i d s ,  r ep re sen ted  i n  Fig. 2 by l i n e s  of d i f f e r e n t  l eng th ,  t o g e t h e r  t o  
& 
c r e a t e  a p r o t e i n .  A s i m p l i f i e d  r e p r e s e n t a t i o n  of t h i s  same p roces s  is 
shown below: 
DNA t r a n s c r i p t i o n  m-RNA t r a n s l a t i o n  P r o t e i n  
\ 1 r e p l i c a t i o n  C ribosomes k / 
We ach ieve  c o n s t r u c t i o n  of a p a r t i c u l a r  p r o t e i n  by hanging t h e  amino 
a c i d  on to  a p i e c e  of transfer-RNA which h a s  i n  i t  t h e  c o r r e c t  t r i p l e t  
code f o r  t h a t  p a r t i c u l a r  amino ac id .  The matching up of t h e  t r i p l e t  
code l e t t e r s  of t h e  loaded t-RNA wi th  t h e  corresponding t r i p l e t  on 
1 
t h e  messenger-RNA p u t s  t h e  amino a c i d s  i n  t h e  r i g h t  sequence .' Thi s  
is,  as you can s e e ,  a r a t h e r  complicated way o f  t r a n s l a t i n g  t h e  in-  
formation conta ined  i n  one l i n e a r  a r r a y  i n t o  t h e  cons t ruc t ion  of 
ano the r  l i n e a r  a r r a y ,  
The q u e s t i o n  is  one which was po in t ed  o u t  most e x p l i c i t l y  j u s t  
3 
r e c e n t l y  by P r o f e s s o r  C. He Waddington i n  Edinburgh: - How could t h i s  
i 
r e l a t i o n s h i p ,  which is a very  complex one, have a r i s e n  i n  t h e  f i r s t  1 
p l a c e ?  This  i s  t h e  problem t o  which w e  a r e  add res s ing  ourse lves  t h i s  
a f t e rnoon  -- abiogenic  informat ion  coupl ing  between n u c l e i c  a c i d s ,  on I t 
a 
t h e  one hand, and t h e  p r o t e i n ,  on t h e  o t h e r .  How d id  a  r e l a t i o n s h i p  a r i s e  1 
, 
t 
which i s  p r e s e n t  i n  t h i s  developed form i n  a l l  l i v i n g  c e l l s  today? You 
can s e e  t h a t  t h e r e  is  a very  s p e c i a l  p rope r ty  i n  t h e  t-hYA; i t  is  t h e  
I i 
molecule t h a t  r e l a t e s  a p a r t i c u l a r  code l e t t e r  w i th  a  p a r t i c u l a r  amino 
ac id .  I w l l l  now t r y  t o  d i s c u s s  some exper imenta l  evidence f o r  t h e  i 
evo lu t iona ry  appearance of t h a t  p a r t i c u l a r  k ind  of r e l a t i o n s h i p .  . i 
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C DEIIYDRATION CONDENSATION: THE METHOD OF CHOICE 
A l l  of t h e  components of t h e  l i n e a r  a r r a y s  G m k o  a c i d s ,  bases ,  sugars ,  
I 2 
. 
l i p i d s )  have long  s i n c e  been cons t ruc t ed  by nonb io log ica l  methods,- 
t h a t  i s ,  by r a d i a t i o n  i n p u t s  ( u l t r a v i o l e t ,  e l e c t r i c a l  d i scha rge ,  ther -  
, 
m a l ,  e tc . ) .  How can we chemical ly "grow" t h e s e  u n i t s  i n t o  l i n e a r  a r r a y s  
of n u c l e i c  a c i d . a n d  p r o t e i n ?  Fig. 3 is  a n  example of t h e  kind of  pro- 
c e s s e s  t h a t  had t o  be developed t o  gene ra t e  t h e  macromolecules. It 
shows t h e  c o n s t r u c t i o n  process  f o r  t h e  v a r i o u s  k inds  of molecules.  
yl We have a l r e a d  i n d i c a t e d '  how we can make t h e  sma l l  components (amino 
a c i d s ) ,  and i n  o r d e r  t o  hook them t o g e t h e r  we have t o  e l i m i n a t e  water  
between t h e  amino group a t  t h e  end of one and t h e  carboxyl  group a t  
t h e  end of t h e  o t h e r ,  t o  form t h e  polypept ide.  This  i s  a dehydra t ion  
condensat ion which i s  r e a c t i o n  ;equired f o r  t h e  c r e a t i o n  of t h e  
macromolecular s p e c i e s  (polysacchar ides ,  f a t s ,  and even .nuc le i c  ac ids ;  , 
..- 
, I 
.a Three d i f f e r e n t  
dehydra t ion  condensa t ions  are r & u i r e d  t o  produce t h e  l i n e a r  a r r a y  o f .  
t h e  n u c l e i c  a c i d  whereas only  one is  r equ i r ed  t o  produce t h e  l i n e a r  
a r r a y  of  t h e  p r o t e i n .  
I n  evcry  case ,  however, a dehydra t ion  condensat ion is requ i r ed  
t o  c r e a t e  t h e s e  macromolecular s p e c i e s ,  and i t  was necessary  t o  de te r -  
mine howlto induce t h i s  t ype  of condcnsat ion by a b i o l o g i c n l  methods. 
There havc been a v a r i e t y  of ways developed t o  achieve  t h i s ,  and 
one of  them is  simply by h e a t i n g  up a mixture of amino a c i d s  and 




is done under s p e c i a l  c i rcumstances,  u s u a l l y  i n  a melt  of one 
of t h e  amino a c i d s  i n  excess  -- glutamic a c i d  is t h e  u s u a l  one t h a t  
is used. Table 1 shows t h e  r e s u l t s  of such a condensat ion s t a r t i n g  
wi th  two moles of a s p a r t i c  a c i d ,  one mole of glutamic a c i d  and t h r e e  
7 
moles of a mixture  of a l l  o t h e r  amino a c i d s  i n  equal  amounts.- When 
t h a t  mix ture  is  hea ted  a t  100°C f o r  150 hours ,  t h e r e  i s  c r e a t e d  a  poly- 
. p e p t i d e  t h a t  is  i s o l a t e d  from such a  r e a c t i o n  mixture and which does 
n o t  have t h e  composition wi th  which t h e  mixture  s t a r t e d .  
TABLE 1 
Thermal Condensation React ions Showing S e l e c t i v i t y  
protein0i.d components 
S t a r t i n g  Mixture 'Product 
A s p a r t i c  a c i d  2  30% 52% 
Glutamic a c i d  1 15% 13% 
A l l  o t h e r s  3 55% 
Lysine 2.8% 
b 
H i s t i d i n e  2.5% 7.1% 
Arginune 1.8% 
11 Others  27.8% 
YOU w i l l  ,note1 ' .  t h a t  t h e  r e a c t i o n  s t a r t e d  wi th  a s p a r t i c  a c i d  (30%), 15% 
glu tamic  a c i d  and 55% a l l  o t h e r  amino a c i d s ,  and t h e  product is 52% 
a s p a r t i c  a c i d ,  13% glu tamic  a c i d ,  7% of t h e  b a s i c  amino a c i d s  and 
only  27.8% of t h e  remaining a c i d s .  This  shows a r a t h e r  widespread 
d i f f e r e n c e  betweeh t h e  e a s e  wi th  which t h e s e  d i f f e r e n t  amino a c i d s  
g e t  i n .  Th urposc  of Table 1 is t o  show t h a t  even when s u c h - v i o l e n t  ep 
dehydra t ion  c o n d i t i o n s  . a r e  provided (lOO°C f o r  150 hours)  t h e r e  is 
a c e r t a i n  degree  of s e l e c t i v i t y  amongst t h e  d i f f e r e n t  amino a d d s .  
Some a r e  des t royed  and o t h e r s  are more s e l e c t i v e  and r e a c t i v e ,  and 
a product r e s u l t s  which is  no t  simply t h e  random c o l l e c t i o n  of s t a r t -  
1 
i n g  m a t e r i a l s .  There is  a  c e r t a i n  s e l e c t i v i t y ,  o r  o rde r ,  of amino a c i d s  
t h a t  one g e t s  i n  t h i s  c o l l e c t i o n  and i t  is  n o t  random o rde r .  
If we d e v i s e  more s e n s i t i v e ,  d e l i c a t e  methods of hooking t h e  
amino a c i d s  t o g e t h e r  i n  o mixture ,  w e  f i n d  t h a t  t h i s . s e l e c t i v i t y  
can become even g r e a t e r .  Since t h i s  cond i t i on  of h e a t i n g  may n o t  have 
been a l i k e l y  environment f o r  t h  r i m i t i v e  e a r t h ,  we undertook t o  + 
f i n d  more l i k e l y  c o n d i t i o n s  i n  water  s o l u t i o n s .  Here we made use  of 
t h e  m u l t i p l e  bonded carbon-ni t rogen compounds which s t o r e  a  good b i t  
of t h e  e l e c t r i c a l ,  or  u l t r a v i o l e t ,  energy t h a t  i s  thrown i n t o  t h e  
p r i m i t i v e  atmosphere and c r e a t e s  them. One can u s e  t h i s  m u l t i p l e  
bond between carbon and n i t r o g e n  t o  e x t r a c t  t h e  wa te r  between t h e  
& 
v a r i o u s  components of t h e  mixture  wi th  which we a r e  dea l ing .  
Fig. 5 shows how HCN could  be  used f o r  t h i s  purpose (hooking toge the r  
two amino a c i d s  t o  form t h e  p e p t i d e  wh i l e  t h e  water  is taken ou t  a s  
l a  
f o n n a m i d e ) T  To accomplish t h e s e  r e a c t i o n s  we now u s e  cyanide der iva- ,  
t i v e s  which a r e  found i n  t h e  p r i m i t i v e  d i scha rges  and which a r e  r e l a -  
t e d  t o  ohe of t h e  p r i n c i p a l  r eagen t s  which chemists  use  t o  hook to-  
g e t h e r  amino a c i d s  and o t h e r  dehydrat ion condensa t ions ,  even i n  aqueous 
4 ,  2 .  
medium. - These a r e  t h e  cyanamide d e r i v a t i v e s  shown i n  Fig. 
8 
- 6 .  Fig. 6 demonstrates  t h e  use  of cyanamide i n  dehydrat ion 
condensat ion r e a c t i o n s  of t h i s  type ,  through t h e  carbodi imide s t r u c -  
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t u r e  produced by tautomerism. This  is t h e  fundamental s t r u c t u r e  which 
h a s t b e e n  u s e d . t o  connect  amino a c i d s  and o t h e r  compounds i n  dehydra- 
' 1 t i o n  condensat ion r e a c t i o n s ,  A s  you can s e e ,  h e r e  i s  a way of  coupling 
t h e  amino a c i d s  i n  w a t e r  i n  a  r e l a t i v e l y  mild r e a c t i o n .  This  h a s  been 
done wi th  a v a r i e t y  o f  amino a c i d s ,  and Fig.  7 shows t h e  k i n e t i c s  on 
g lyc ine  polymer iza t ion  by cont inuous a d d i t i o n  of t h e  condensing agent 
7 - 9 
a t  a  cons t an t  r a t e ,  showing t h e  c r e a t i o n  of some of t h e s e  m a t e r i a l s .  
SELECTIVITY BY GROWING POINT 
I a l s o  want t o  b r i n g  t o  your a t t e n t i o n  t h e  f a c t  t h a t  t h e r e  is  
a s e l e c t i v i t y  p o s s i b l e  i n  t h i s  t ype  of r e a c t i o n  as w e l l .  The way t h e  
s e l e c t i v i t y  w a s  determined is a s  fol lows.  In s t ead  of mixing two amino 
a c i d s ,  adding t h e  condensing agent  and a l lowing  t h e  amino a c i d s  t o  
be  hooked t o g e t h e r  and then  examining t h e  r e a c t i o n  mixture  t o  de t e r -  
mine t h e  v a r i o u s  p roduc t s  ( f o u r  d i f f e r e n t  p o s s i b l e  combinat ions) ,  
l 
one end of :an: amino a c i d  i s  hooked t o  t h e  w a l l ,  s o  t o  speak,  and then  
t e s t e d  wi th  a s e r i e s  o f  o t h e r s  t o  s e e  how f a s t  t hey  would hook on to  
b 
t h e  t a i l  t h a t  was hanging loose .  This  gave a  whole s e r i e s  of coupl ing  
r a t e  c o n s t a n t s  of one amino a c i d  ( t h e  one hung t o  t h e  w a l l )  w i t h  t h e  
o t h e r s  coupl iqg  t o  i t  i n  a s p e c i f i c  way. We then  b e g ~ n  t o  s e e  a spec i -  
f i c i t y  i n  t h e  coupl ing  r e a c t i o n .  We suspec ted  i t  should be  t h e r e ,  and. 
t hen  i t  was a c t u a l l y  found. Table 2 shows some of t h e  s e l e c t i -  
10 
v i t y  t h a t  was f o u n d 7  Using t h e  r a t e  of coupl ing  of g l y c i n e  onto 
g l y c i n e  as u n i t y  ( t h e  norm) t h e  r a t e  of coupl ing  of g lyc ine  t o  a l a n i n e ,  
of a l a n i n e  t o  a l a n i n e ,  e t c . ,  i s  expressed  r e l a t i v e  t o  i t .  You can s e e  





Comparison of Experimentally Determined Dipepti.de Yields and Frequencies 
10 
-
a Calcula ted  from Known Pro te in  Sequences 
Values (Rela t ive  t o  Gly-Gly) 
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* The d ipep t ides  a r e  l i s t e d  i n  terms of inc reas ing  volume of r ' f I 
t h e  s i d e  chains of  t h e  cons t i tuen t  residues.  Gly = glycine;  Ala - 1, 




phenyla lan ine  t o  g l y c i n e  be ing  t h e  s lowest  shown. I n  f a c t ,  phenyl- 
a lan ine-phenyla lan ine  was s o  slow t h a t  t h e  r a t e s  could no t  be inc lud-  
ed on t h e  t a b l e .  You can s e e ,  t h e r e f o r e ,  t h a t  t h e r e  is t h i s  kind of I 
a E 
s p e c i f i c i t y  between the . amino  ac ids .  We can then  ask:  Is t h e r e  any 
s i g n  t h a t  t l ie same t y p e  of s p e c i f i c i t y  has  any i n f l u e n c e  on t h e  
s t r u c t u r e  of n a t u r a l  p r o t e i n s ? .  
We then  look  f o r  t h e  frequency of occurrence  of those  couplings 
(g lyc iee-g lyc ine ,  glycine-phenylalanine,  e t c . )  i n  n a t u r a l  p r o t e i n s .  
Using t h e  r e f e r e n c e  work e n t i t l e d  t h e  "Atlas  of P r o t e i n  ~ t r u c t u r e "  
publ i shed  year ly , -  "11 one can count t h e  coupl ings  (double t )  i n  t h e  
na tu ra l ly -occu r r ing  p r o t e i n s  and r e l a t e  them a l l  t o  t h e  common one, I 
f o r t h e g l y c i n e - g l y c i n e .  Y o u w i l l s e e i n  t h e t a b u l a t i o n t h a t  t h e  
exper imenta l  doub le t s  a r e  a c t u a l l y  i n  t h e  r i g h t  o r d e r  ( taken from 
t h e  1966-1967 "Atlas") w i t h  r e s p e c t  t o  t h e  na tu ra l ly -occu r r ing  
couplings.  
This  l e n t  suppor t  t o  t h e  n o t i o n  t h a t  sequences t h a t  we now f i n d  
i n  p r o t e i n  may have some remnants l e f t  i n  them of what were t h e  o r i -  I 
g i n a l  sequences which were pu t  #n, no t  by t h  DNA mechanism, which we i 
- now know i s  t h e  way they  ark pu t  i n ,  bu t  by t h e  nonb io log ica l  mechan- 
/ 
i s m  t o  s t a r t  w i t h  which h a s  been g r e a t l y  modif ied dur ing  t h e  cou r se  
of evolu t ion .  There seems t o  be  some evidence t h a t  a  kind of s e l ec -  1 
t i v i t y  was p re sen t  i n  t h e  p r i m i t i v e  process ,  and is  s t i l l  v i s i b l e  
more than  
even a f t c r  I /  * 3 b i l l i o n  y e a r s  of evo lu t ion  has  changed and modif ied 
0 
t h e  coupl ing  mechanisms. 
This  g i v e s ,  t h e r e f o r e ,  a  lcind of s e l e c t i v i t y  by t h e  "growing 
poin t" ,  probably i n f l u e n c e  by secondary f o l d i n g ,  a l though t h e  exper i -  
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ments have no t  y&t reached t h a t  l e v e l ,  One can imagine, now, a pep t ide  
cha in  growing by t h i s  coupl ing  mechanism, and a l l  t h e  amino a c i d s  w i l l  
, 
n o t  come on to  t h a t  cha in  w i t h  eoua l  ea se  and frequency. The "growing 
po in t "  . w i l l  b e  determined, f i r s t ,  by what i s  a l r eady  p r e s e n t  (not  necess- 
a r i l y  j u s t  t h e  end, b u t  some of t h e  th ings  t h a t  a r e  behind t h a t  end, 
depending upon how f a r  back t h a t  i n f l u e n c e  reaches ,  which is  s t i l l  
n o t  known) and a l s o  by t h e  d i s t r i b u t i o n  of u n i t s  a v a i l a b l e  t o  put  
o n t o  t h e  chain.  The two f a c t o r s  w i l l ,  t oge the r ,  determine what comes 
on n e x t  i n  such a "growing" m a t e r i a l .  However, t h i s  s t i l l  does n o t  
g i v e  a method f o r  r e p l i c a t i n g  any p a r t i c u l a r  sequence. 
REPLICATION METHODS 
There should  be some way of r e p l i c a t i n g  a p a r t i c u l a r  scqeunce, and 
I have  t r i e d  t o  i n v e n t  one, u s ing  some r e c e n t l y  descr ibed  c a t a l y t i c  
mechanisms f o r  growing a  polypept ide ,  f o r  chopping o f f  t h e  end, and 
then  t o  start i t  growing aga in .  How can t h i s  b e  done i n  a  s p e c i f i c  
manner? It can  b e  done a s  fo l lows:  The c o b a l t  complex,.bis-ethylene- 
diamine hydroxy aquo cobal tous  :on, which is oc tahedra l  i n  shape a n d .  
\ 
o p t i c a l l y  a c t i v e ,  i s  i n  equ i l i b r ium i n  t h e  D and L forms. Such a co- 
b a l t  complex can r e a c t  w i t h  a  p e p t i d e  which w i l l  b e  hydrolyzed, t h e  
a c i d i c  end group of t h e  p e p t i d e  be ing  dropped o f f ,  and an o p t i c a l l y -  
conceivably 
a c t i v e  c o b a l t  complex r e s u l t i n g  therefrom. This  complex can l then  r e a c t  
w i t h  ano the r  p e p t i d e ,  and make a ve ry  f a s t  ca t a lyzed  r e a c t i o n  compar- 
ed t o  t h e  unca ta lyzed  slow r e a c t i o n  wi th  which t h e  sequence began. 
The i n i t i a l  equ i l i b r ium is slow compared t o  t h e  ca ta lyzed  r e a c t i o n ,  
12  
and a l l  t h e  m a t e r i a l  w i l l  go i n  t h e  i n i t i a l l y  ca t a lyzed  direction.- 
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i n  slow e q u i l .  
c a t a lyzed  r a t e -  
R 
I 
unca t  a lyzed L - ~ ~ ~ N H - C H - C O ~ H  
rate-s low 
G I co (en)  glyl+2 + 
e q u i l .  L - 
Thus, whichever series'starts f i r s t  w i l l  de te rmine  t h e  o p t i c a l  c h a r a c t e r  
1 3  
of  both t h e  l i b e r a t e d  a c i d  and t h e  remaining pept ide .  - Once you 
g e t  t h e  D-cobalt complex, on ly  t h e  D complex w i l l  cont inue;  t h i s  is  
an o p t i ~ a l  s e l e c t i v i t y  which is  even a  h i g h e r  degree  of s e l e c t i v i t y  
L 
, 
t han  amino a c i d  s e l e c t i v i t y  i t e e l f .  The n a t u r e  of t h e  R-group w i l l  
, s u r e l y  e f f e c t  t h e  r a t e  of t h i s  r e a c t i o n .  This  i s  simply a method f o r  
breaking  o f f  a p e p t i d e  l ink, :  somewhere n e a r  t h e  end and one can use  
t h a t  nethod t o  make a  crude kind of coding r e p l i c a t i o n  which does n o t  
t 
involve  t h e  present-day n u c l c i c ' a c i d  sequencing. Below i s  shown a 
model system, i n  which t h e  l e t t e r s  A , B  ,C,D,X,Y ,Z r ep re sen t  p a r t i c u l a r  
p e p t i d e  l i n k s .  Let us suppose t h a t  one p a r t i c u l a r  end has some s p e c i f i c  
amino a c i d s ,  on to  which t h e  c o b a l t  can be  a t t a c h e d ,  and t h a t  t h e  bound 
i 
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Co can reach back and induce hydro lys i s  between a  p a r t i c u l a r  p a i r  of @ I  I 
amino a c i d s ,  j u s t  a s  i n  t h e  r e a c t i o n  demonstrated above. This  would i 
I 1 
I 
g i ve  a sma l l  d i p e p t i d e  of a  s p c c i f i c  c h a r a c t e r  which can regrow i n  I 
- 
1 4  
-
t h e  o r i g i n a l  way. So, t h i s  i s  a crude k ind  of p r o t e i n  r e p l i c a t i o n ,  
f o l d  back 
r 
I 
hydro lys i s  1 I
I 
I 
H2N - A - B - COZH + H2N - C - D - E --------- X - Y - Z ! 
i 
, cont inued  growth 
as be fo re  i I 
would 
which, obviously i s  n o t  ve ry  "hl f i t ' .  What you/get  t h e  nex t  time you 
I 
i 
pu t  t h e  m a t e r i a l  th rough t h e  "growth" process  w i l l  no t  be  i d e n t i c a l  
b 
w i t h  what you s t a r t e d  wi th ;  i t ~ i l l  merely resemble i t  t o  a  degree,  
depending upon t h e  c o n d i t i o n s  of  t h e  environment and t h e  raw m a t e r i a l s  
which a r e  a v a i l a b l e .  There i s  a c e r t a i n  p r o b a b i l i t y  of s p e c i f i c  r e p l i -  
c a t i o n  of pept ide .  Keep i n  mind, now, t h a t  t h e  pep t ide  has  all of 
-
t h e  c a t a l y t i c  c a p a c i t y  because of i t s  a b i l i t y  t o  have t h e  enormous 
v a r i e t y  of s t r u c t u r e ,  even though i t  does n o t  have a  very  good r c p l i -  
c a t i n g  capac i ty .  We have genera ted  he re  a scheme f o r  making a whole 
more o r  l e s s  
s e t  o f / p n r t i c u l a r  polypcptidr? t l t r u c t u r c ? ~  and ro8cncr;i t inf;  t l~cm, i n  (1 
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c rude  and n o t  v e r y  " h i  f i "  manner. Never the less ,  i t  is a p r o t e i n  r e p l i -  
c a t i o n  system which does n o t  i nvo lve  t h e  n u c l e i c  ac ids .  
What about  t h e  n u c l e i c  a c i d  system? Can w e  genera te  t h e  sequences 
t h e r e  as w e l l ?  We can gene ra t e  polynucleo t ides  even more e a s i l y  by 
e x a c t l y  t h e  same types  of r e a c t i o n s  t h a t  were used f o r  t h e  polypep- 
t i d e s  -- t h e  same dchydrnt ion condensat ion r e a c t i o n  can be  used. 
k inds  of  
Three d i f fc ren t [dehydra t ion  condensat ions a r e  r equ i r ed  t o  gene ra t e  
a po lynuc leo t ide ,  and t h e  same molecules (cyanamide, dicyanarnide, poly- 
phosphate)  a s  mentioned be fo re  can b e  expected t o  do it. Here, a l s o ,  
t h e r e  should b e  some s e l e c t i v i t y  between t h e  fou r  d i f f e r e n t  bases ,  
b u t  t h e  a c t u a l  experiments have n o t  y e t  been done. Therefore ,  I can- 
non-ternplated 
n o t  s a y  x h e t h e r  t h e r e  is much of a s e l e c t i v i t y  i n  t h e  pure ly  chemical / 
sequencing of  t h e  d i f f e r e n t  n u c l e i c  a c i d  components, a l though I suspec t  
t h e r e  w i l l  b e  a s l i g h t  s e l e c t i v i t y  apparent  i n  t h i s  a s  w e l l  as i n  t h e  
pep t ides .  If you s t a r t  wi th  a random mixture  of A,C,T and G, and even 
i f  you d i d  n o t  have base-pa i r ing  b u t  s impl ing  t h e  coupling mechanism, 
t h e  r e s u l t i n g  polymer would probably n o t  b e  completely random bu t  I , 
sonesequences would be  more f a ~ r c d  than  o t h e r s  and you would, g e t  
some k ind  of s e l e c t i v i t y  i n  much t h e  s ' k e  a a y  as with t h e  polypept ides .  
The r e p l i c a t i o n  experiments on t h e  pol jmucleot ides  have been done 
r e p e a t e d l y  and i n  s e v e r a l  d i f f e r e n t  ways. I n  c o n t r a s t  t o  t h e  polypep- 
t i d e  t h i s  n u c l e i c  a c i d  r e p l i c a t i o n  is  a very "h i  f i "  reproducing system 
even wi thou t  any enzymes p re sen t  -- a b i o l o g i c a l l y ,  i n  o t h e r  words. It 
is  a l s o  r e l a t i v e l y  easy  t o  accomplish, and Fig.  8 shows t h e  r e s u l t s  
of .~chramm who polymerized u r i d i n e  monophosphate i n  t h e  presence  of 
ac id .  
polymeric  a d e n y l i c j  The presence of po lyadeny l i c  a c i d  enhances t h e  
i 
rats of u r i d i n o  
15 
the  adenine. - 
.- + - -- - - - - - - - - - - - - - - ------ 
I 
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i 
p ~ l y l n c r i z a t i o n  bccnusc of t h o  u r i d i n c  base-palr ing with 
This  shows t h a t  i n  t h e  presence  of poly-A t h e  1 
I 
f 
u r i d i n e  polymerizes  ve ry  w e l l  and i n  i t s  absence t h e  u r i d i n e  polymer- 
, i 
I 
i z e s  ve ry  s lowly.  This  experiment,  i n  which o polyphosphate anhy- i 1 
d r i d e  is  used as a condensing agent  is  analogous t o  t h e  experiment of 
7 
- 
FOX' s which I desc r ibeda in  which polyphosphoric  a c i d  and 100°C 
t empera ture  were used t o  hook t h e  amino a c i d s  t oge the r .  The experiment 
of Schramrn i s  t h e  same k ind  of v i o l e n t  (v igorous)  condensat ion,  and 
r 
t h e  n a t u r e  of  t h e  products  is unce r t a in ,  t o  a degree. A much more 
16 
e l e g a n t  experiment  by Naylor used carbodi imide as a condensing agent .  - 
Fig. 9 shows t h e  r e s u l t s  of  t h a t  experiment i n  which he demonstrated 
t h a t ,  f o r  example, hooking t o g e t h e r  a  p a i r  of hexamers of thymine i n  
t h e  presence  of po lyadenyl ic  a c i d  produced a r e a c t i o n  i n  which t h e  I 
poly-A ca t a lyzed  t h e  r e a c t i o n  f o r  t h e  poly-T, and v i c e  ve r sa .  The two 
th ings  t o g e t h e r  form a r e f l e x i v e  c a t a l y t i c  s y s t e a ,  one c a t a l y z i n g  
t h e  formation of  t h e  o t h e r .  Thus, a  r e p l i c a t i n g  system f o r  t h e  n u c l e i c  
a c i d s  can be c r e a t e d ,  This  p a r t i c u l a r  r e a c t i o n  happens t o  be  very  i 
s e l e c t i v e  and "h i  f i n  f o r  t h e  n b c l e i c  a c i d  and i t s  f i d e l i t y  has  been , I 
demonstrated i n  t h e  test tube  wi thout  t h e  u s e  of b i o l o g i c a l  agents .  
We thus  have two systems,  s e p a r a t e l y  devised.  The f i r s t  i s  t h e  i 
t 
l i n e a r  po lypept ide  system which has i n  i t  t h e  m u l t i c a t a l y t i c  capac i ty  f 
t h a t  we need. By a r r ang ing  t h e  polypept ides  i n  a v a r i e t y  of o r d e r s  
- 
and s h a p p  i t  is  q u i t e  c l e a r  t h a t  we can produce almost any c a t a l y t i c  
func t ion  t h a t  a  l i v i n g  organism might r equ i r e .  The f i d e l i t y  of t h e  ! 
r e p l i c a t i o n  of t h e  l i n e a r  po lypept ide  system is,  however, very  poor. 1 I i 
i 
It is a s t a t i s t i c a l  r e p l i c a t i o n ,  depnnding upon t h e  s e l e c t i v i t y  of I 
i 
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t h e  growing p o i n t  %and perhaps of some amino 
t h e  growing p o i n t  and t h e  a v a i l a b i l i t y  of r 
, 
a c i d s  f u r t h e r  back from 
aw m a t e r i a l s .  The second 
system, t h a t  o f  t h e  po lynuc leo t ides ,  is a  very  e f f i c i e n t  and r e l i a b l e  
r e p l i c a t i n g  system, b u t  i t  has no o t h e r  func t ion .  It does have t h e  
high f i d e l i t y  r e p l i c a b i l i t y  t h a t  is no t  p r e s e n t  i n  t h e  polypept ides .  
It i s  q u i t e  c l e a r  t h a t  t h e  s e l e c t i v e  advantage of coupl ing  t h e s e  
' 
two q u a l i t i e s  -- t h e  c a t a l y t i c  q u a l i t y  of t h e  p r o t e i n  and t h e  r e p l i c a t -  
i n g  f i d e l i t y  of t h e  n u c l e i c  a c i d  -- i s  what has  t o  be  achieved i n  or-  
and improvement ( cvo lu t  i on )  
d e r  t o  g ive  r i s e  t o  t h e  s t & i l i t y / o f  energy and m a t e r i a l  p rocess ing  
systems a g a i n s t  t h e  thermal  d i s r u p t i v e  f o r c e s  of entropy;  a s t a b i l i t y  
w i t h  which w e  c h a r a c t e r i z e  a  l i v i n g  th ing .  
MODEL EXPERIMENTS OF COUPLING REACTIONS 
There are v a r i o u s  ways i n  t h i c h  t h i s  k ind  of in format ion  s t o r a g e  
and t r a n s l a t i o n  coupl ing  has  been sought.  Not any of  them y e t  have 
been ve ry  s a t i s f a c t o r y  ( a t  l e a s t  n o t  t o  my mind), and one c a n ~ i m a g i n e  
a v a r i e t y  of  physical-chemical  systems which would have some of t h e s e  
p r o p e r t i e s ,  p a r t i c u l a r l y  phase boundaries ,  s u r f a c e s ,  c l a y  p a r t i c l e s ,  . 
e t c .  Unfo r tuna te ly ,  t h e r e  have been no exper imenta l  t e s t s  of  most 
17  of t h e s e  t h e o r e t i c a l  suggcstione.- What I am going t o  do h e r e  i s  
t o  say t h a t  we have o u r s e l v e s  thought  of one way of coupling t h e s e  two 
d i f f e r e n t  types  of r e a c t i o n s  -- i n  o t h e r  words, we have taken  t h e  next  
s t e p  and ,have  done an experiment t o  t e s t  t h e  v i a b i l i t y  of t h e  n o t i o n  
a s  a s t e p  i n  t h e  e v o l u t i o n  of t h e  coupled systems. 
I f  you r e c a l l ,  I used t h e  same kind of an i d e a  i n  g e n e r a t i n g  bo th  
of t h e s e  l i n e a r  sequences independent ly ,  namely, a  type  of "growing 
poin t"  c o n t r o l .  I n  o f h e r  words, t h e  shape and form of t h e  growing 
-17- 
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end of t h e  n u c l e i c  a c i d  ( o r  po lypept ide)  and probably t h e  conformation 
of t h e  c h a i n  some way back had some e f f e c t  on what was hooked t o  t he  
end 'of  i t .  The shape and form of t h e  polypept ide  would have some e f f e c t  
on what t h e  nex t  amino a c i d  t o  be  added would be. I n  t h e  case  of t h e  
po lypep t ides  we. - were a b l e  t o  demonstrate  approximately a  ten-fold 
d i f f e r e n k i n  s e l e c t i v i t y  under equ iva l en t  raw m a t e r i a l  condi t ions .  I n  
t h e  case  of po lynuc leo t ides ,  t h i s  in format ion  is no t  y e t  , ava i lab le .  
The obvious t h i n g  came t o  u s  when we cons idered  t h e  way i n  which 
J 
t h e  present-day l i v i n g  organisms accomplish t h i s  coupl ing  which is  
by hanging a p a r t i c u l a r  amino a c i d  on a r e l a t i v e l y  s h o r t  p i ece  of 
n u c l e i c  ac id .  Somewhere i n  t h a t  n u c l e i c  a c i d  t h e r e  i s  a s p e c i f i c  
a r r a y  of b a s e s  which is  cha rac t e r i zed  as belonging t o  t h a t  p a r t i c u l a r  
amino a c i d ,  When we look  a t  a l l  of t h e  c a r r i e r ,  o r  transfer-RNA's, 
which c a r r y  t h e  amino a c i d  over  from t h e  f r e e  s t a t e  i n t o  t h e  assembly 
machinery, we f i n d  t h a t  they end i n  t h e  same t h r e e  bases ,  -C-C-A. 
It occurred  t o  u s  that$erhaps t h i s  was an  important  c lue .  Perhaps 
t h e  f a c t  t h a t  a l l  of t h e  t-RNA's end i n  -C-C-A is  a r e s idue  of some 
p r e b i o l o g i c a l  even t ,  some r e s i d &  of t h e  chemical s e l e c t i v i t y  of 
-C-C-A for amino a c i d s  which any o t h e r  base  combination does n o t  have, 
Thus, s i m p l i f y i n g  i t  s t i l l  f u r t h e r ,  t h i s  sugges t s  t h a t  i f  we could 
make a model of f h e  t-RNA and t r y  t o  couple d i f f e r e n t  amino a c i d s  t o  
i t ,  wo would 1 ::I.,.> a s e l e c t i v i t y  i n  t h e  amino a c i d s  f o r  a p a r t i c u l a r  
base andewe would a l s o  f i n d  some s e l e c t i v i t y  of t h e  bases  f o r  t h e  amino 
4 .  





The s i m p l e ~ t ~ e x p e r i m e n t  was t o  make a model subs tance  t o  repre-  
s e n t  t h e  t-RNA and put  adenine  on t h e  end of i t .  We t h e r e f o r e  used t h e  
8 
same polymer which w a u s e d  t o  hang t h e  amino a c i d  on, i . e . ,  po lys tyrene  . 
1 8  
w i t h  a f u n c t i o n a l  group on i t 7  Figs.  1 0  and 11 show t h e  b a s i c  
concept  of such experiments .  So f a r ,  we have only  done t h e  experiment 
u s ing  one base a t  a t ime,  and w e  can now determine t h e  e f f i c i e n c y ,  o r  
t h e  e a s e  o r  t h e  p r o b a b i l i t y ,  of coupl ing amino a c i d s  t o  such a t e rmina l  
n u c l e i c  a c i d  end,  and s e e  i f  t h e r e  i s  a d i f f e r e n c e  i n  d i f f e r e n t  bases.  
F igs .  12,113 and 14 g i v e  a  few d e t a i l s  of t h e  chemistry of t h i s  experi-  I 
ment. Fig. 1 2  shows how we hang( t h e  adeny l i c  a c i d  (A) on t h e  r e s i n  
by simply t a k i n g  a d e n y l i c  a c i d  and t h e  ch lormethyla ted  r e s i n  i n  pyri-  
d i n e  f o r  a  few ours .  Fig. 1 3  shows how we hang t h e  amino a c i d  o n t o  
t h e  A, and t h e r e  are s e v e r a l  d i f f e r e n t  ways i n  which t h i s  can be done. 
i n  py r id ine  
We have used t h e  amino a c i d  anhydride/and allowed i t  t o  r e a c t  wi th  
t h e  model t-RNA t o  g e t  t h e  product ,  f o r  example. The d e t a i l s  of t a k i n g  I I I 
t h e  coupled product  o f f . t h e  r e s i n ,  u s ing  80% a c e t i c  a c i d  f o r  2.5 hours  I 
a t  room temperature,  i s  shown i n  F i g  14 ,  wh i l e  Fig. 15 shows t h e  o t h e r  1 
way of coupling,  u s ing .  t h e  carbbdi imide,  which I mentioned e a r l i e r .  . 
, .. 
W e  h e r e  are us ing  t h e  carbobenzoxyamino-protected phenyla lan ine  (Z- 
Phe) t o  g e t  t h e  d e s i r e d  product .  
Remember t h a t  I mentioned t h a t  we were going t o  t r y  d i f f e r e n t  
bases  on t h e  r e s i n  a s  models f o r  t h e  transfer-RNA. So f a r  we have 
only  done two, wi th  one  base  each time. We have t r i e d  t o  couple  phenyl- 





TABLE 3 1 I 
perLent  'of Bound Nucleot ide Reacted 1 I
t 
.Base/Amino Acid , Adenine Cytosine 
Phenyla lan ine  6.7 2.9 
Glycine 10.0 6.5 
Q u i t e  c l e a r l y ,  adenine  i s  a b e t t e r  accep to r  t han  c y t o s i n e  which i s  
t h e  f i r s t  r e s u l t  of t h i s  experiment and which might .have: been expected. 
Furthermore, g l y c i n e  goes on to  t h e  resin-bound nuc leo r ide  more r e a d i l y  
t han  phenyla lan ine ,  which is  a l s o  n o t  unexpected. This  i s  a degree of 
s e l e c t i v i t y ,  which i s  what w e  a r e  seeking,  i n  t h e  coupling of t h e  amino 
. a c i d  t o  t h e  base.19 It is t h e  beginning of t h e  t r a n s l a t i o n  process ,  
r e a l l y .  Remember, t h e r e  a r e  no enzymes p r e s e n t  i n  t h i s  t ype  of experi-  
ment (no b i o l o g i c a l  m a t e r i a l ,  i.e., no bacter ium, no v i r u s  p a r t i c l e ,  no  
e x t r a c t  of a y e a s t ,  e t c . )  t o  " t e l l "  t h e  phenyla lan ine  i t  should go on 
t h e  adenine i n s t e a d  of t h e  cy tos ine .  This  is  a pu re ly  "chemical" t r ans -  
l a t i o n .  There i s  a s e l e c t i v i t y  i n  ope ra t ing  i n  t h i s  kind of a chemical 
t r a n s l a t i o n  process .  Qui te  obviously,  when w e  have a double t  base ,  C-A, 
s 
we may expec t  a d i f f e r e n t  degree  of  s e l e c t i v i t y  t han  we do wi th  A alone.  
The s e l e c t i v i t i e s  w i l l  change, and as we make a double t ,  t r i p l e t , / a n d  
f u r t h e r  on back, i t  i s  conce ivable  t h a t  we can e l u c i d a t e  t h e  c o n t r o l l i n g  
s t r u c t u r e  which determines what hangs on t h e  end and where i t  l i e s  wi th  
r e s p e c t  t o  t h e  end. As t h i s  work develops,  I b e l i e v e  t h e r e  w i l l  be 
c c r t a i n  p a r t s  of t h e  molccule t h a t  rcach back t o  t h e  growfng end which 
w i l l  h e l p  determine t h e  sequence of events  t h e r e .  We w i l l  t hen  have a 
h igh  degree  of s e l e c t i v i t y  which w i l l  a c t u a l l y  be determined n o t  merely 
by t h e  growing end b u t  by something q u i t e  f a r  removed from t h a t  end. 
b 
CONCLUSION 
' There is now exper imenta l  evidence f o r  s e l e c t i v i t y  between 
t h e  amino a c i d  and t h e  n u c l e i c  a c i d  base  which i s  t h e  beginning of 
t h e  chemical t r a n s l a t i o n  process  from one l i n e a r  system t o  t h e  
o t h d r ,  The l i n e a r  system of t h e  n u c l e i c  a c i d  is, of course,  an 
e x c e l l e n t  p l ace  t o  s t o r e  t h e  informat ion ,  wheras t h e  l i n e a r  system 
of t h e  polypept ide ,  on  t h e  o t h e r  hand, is t h e  v e r s a t i l e  system which 
can perform many d i f f e r e n t  types of r e a c t i o n s  b u t  is unable t o  s t o r e  
informat ion  r e l i a b l y .  The experiments I have desc r ibed  h e r e  may 
r e p r e s e n t  t h e  beginning  of t h e  method of coupl ing  of those  two 
e s s e n t i a l  q u a l i t i e s  which a r e  requi red  f o r  t h e  gene ra t ion  and 
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